Iron-and cobalt-exchanged ZSM-5 are active catalysts for the dissociation of nitrous oxide. In this study, density functional theory was used to assess a possible reaction pathway for the catalytic dissociation of N 2 O. The active center was taken to be mononuclear [FeO] + or [CoO] + , and the surrounding portion of the zeolite was respectively. The preexponential factor for the apparent first-order rate coefficient is estimated to be of the order 10 7 s -1 Pa -1 . While the calculated activation energy for Fe-ZSM-5 is in good agreement with that measured experimentally, the value of the preexponential factor is an order of magnitude smaller than that observed. The calculated activation energy for Co-ZSM-5 is higher than that reported experimentally. However, consistent with experiment, the rate of N 2 O decomposition on Co-ZSM-5 is predicted to be significantly higher than that on Fe-ZSM-5.
Introduction
Transition metals cation-exchanged into ZSM-5 have been shown to catalyze the dissociation of nitrous oxide to oxygen and nitrogen. [1] [2] [3] [4] [5] [6] [7] The activity of such catalysts depends on the identity of the exchanged transition metal cation and decreases in the order Rh, Ru > Pd > Cu > Co > Fe > Pt > Ni > Mn. [1] [2] [3] Studies of nitrous oxide dissociation over Cu-, Co-, and Fe-ZSM-5 show that the reaction is first order in N 2 O and in the case of Cu-ZSM-5 is inhibited by O 2 . 1, 5, 6, 8 It has also been reported that isotopically labeled oxygen scrambles into the products of nitrous oxide dissociation in the case of Cu-ZSM-5 but not in the case of either Co-or Fe-ZSM-5. This suggests that the mechanisms of N 2 O dissociation are similar on Co-and Fe-ZSM-5, and that the mechanism for Cu-ZSM-5 may be different.
Much effort has been devoted to the characterization of Fe in Fe-ZSM-5.
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Work by Lobree et 2 ] + , on a one for one basis with Brønsted acid protons. 9 Similar conclusions have been reported by Sachtler and co-workers . 10 However, other authors have demonstrated that iron may be present as binuclear oxo cations and as small particles of iron oxide. [11] [12] [13] [14] [15] The extent to which iron cations can exchange as such species has been estimated by Rice et al. 16 These authors showed that for a Si/Al ratio of 25 In this study, we report an investigation of the mechanisms of nitrous oxide dissociation in Co-and Fe-ZSM-5 using density functional theory. We proceed by postulating a mechanism for the dissociation process, computing the energetics for each elementary step, and developing a rate expression for the overall rate of reaction. The apparent rate parameters (activation energy and preexponential factor) are then compared with experiments to evaluate the plausibility of the proposed mechanism.
Theoretical Methods
The catalytically active center and a portion of the zeolite framework are represented by a 24-atom cluster. As shown in Figure 1, Quantum chemical calculations of the geometry and energies of ground states and transition-state structures were performed using non-local, gradient-corrected densityfunctional theory (DFT). 26 To represent the effects of exchange and correlation, Becke's 3-parameter exchange with correlation functionals of Lee, Yang, and Parr (B3LYP) were used. 27, 28 Basis sets at the 6-31G or double-zeta level were used for all atoms, with the exception of Fe. To describe Fe, the energy-consistent pseudopotentials of Stuttgart and
Bonn were used in the small-core approximation. 29 Polarization functions were added to all atoms, with the exception of terminal H groups. No corrections were made for basisset superposition error. All calculations were carried out using the Jaguar 4.0 suite of programs (Schrödinger, Inc.) and Gaussian 98. 30, 31 During these calculations all atoms of the cluster were allowed to relax with the exception of the terminal Si atoms, as noted above.
Overall equilibrium constants and reaction rate constants were computed using standard statistical mechanics and absolute rate theory. 32 We use the harmonic approximation, and include contributions of the translational, rotational, and vibrational partition functions of all gaseous species participating in the reaction and the vibrational contribution due to the zeolite cluster. Since the zeolite cluster is part of a solid, translational and rotational partition functions for the zeolite were assumed to be equal in the reactant and transition-state. All molecular structures were assumed to be in the ground-state electronic configuration.
Results and Discussion
The dissociation of N 2 O at a single metal center can be envisioned to proceed via the following sequence of steps: potential energy surface lies below those of the doublet (total spin 1/2) and quartet (total spin 3/2) for Fe. In the case of Co, the lowest energy is for the quintet (total spin 2 Table 1 Diatomic oxygen surface species have also been observed in Fe-ZSM-5 by Gao et al.
using in situ UV-Raman spectroscopy. 37 In the presence of gas-phase O 2 , Gao et al. In the preceding discussion a valence of -1 has been assigned to the zeolite framework and a valence of +1 to the charge-compensating group, e.g.,
Such use of valence is merely a convenience, since it is known that zeolites are soft bases and that covalent as well as ionic bonding is involved in the binding of the chargecompensating cation. For example, when protons are the charge-compensating cation, the charge on the Brønsted acid proton has been estimated to be +0.3, rather than +1. In the present study, we have performed a Mulliken Population Analysis for the structures given in Figures 1(a) , 1(d) , and 3(a). 41 The Mulliken Charges associated with [FeO X ] are +0.27, +0.29, and +0.22 for x = 1, 2, and 3, respectively. The corresponding charges on Fe were computed to be +0.68, +0.75, and +0.98 for x = 1, 2, and 3, respectively. These results indicate that the charge on Fe increases with increasing number of O ligands, but does not reach or exceed the maximum valence of Fe, +3.
The apparent rate coefficient for nitrous oxide dissociation can be determined from the sequence of Reactions 1-5. The overall rate of N 2 O dissociation is given by the sum of the rates of Reactions 2 and 4:
If we assume steps 1 and 3 are quasi-equilibrated because of the weak binding of N 2 O, we can write:
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The site balance on the active centers is given by: has the higher activation energy, we assume that it is rate-limiting:
Rewriting our expression in terms of the surface coverage:
where K' = k 4 K 3 /(k 2 K 1 ). Since E Act,2 < E Act,4 we assert that k 2 >> k 4 and K 3 ~ K 4 . Hence, K'<< 1 and
Thus, the overall rate of nitrous oxide dissociation could be written as: Based on the proposed mechanism, the experimental result that can be compared to the apparent activation energy, E app , defined in two limiting cases: Table 2 also shows that the preexponential factor calculated for Fe-ZSM-5 is one to two orders of magnitude smaller than that determined from experimentally.
Based upon the results presented in Table 2 , the activity of Co-ZSM-5 is expected to be higher than that of Fe-ZSM-5 because the preexponential factor for Co-ZSM-5 is higher and the activation factor for this catalyst is lower. Co-ZSM-5. In both cases M/Al = 0.5. Consistent with experimental observation, the rate of N 2 O decomposition is predicted to be more rapid on Co-ZSM-5 than Fe-ZSM-5. This conclusion is a direct consequence of the lower activation energy and higher preexponential factor for N 2 O decomposition over Co-ZSM-5.
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